INTRODUCTION {#sec1-1}
============

Aluminium phosphide (ALP) tablets and pearls are still used worldwide against rodents, insects, and pests for herbs and stored food materials as corns and rice.\[[@ref1][@ref2]\] The widespread use of this agent is mostly due to its inexpensive price, high efficiency, and easy application.\[[@ref3]\] The most common mode of ALP intoxication is suicidal attempts which has a higher prevalence in Northern Iran, India, and the Middle East;\[[@ref4][@ref5]\] with the mortality rates of 40--80%.\[[@ref6]\]

Fatality of ALP tablets is thought to be related to the release of the highly toxic hydrogen phosphine gas (PH~3~), especially in humid conditions. In this clinical condition breakage of mitochondrial oxidative phosphate system leads to multiorgan failure (MOF), which manifests as pulmonary edema; cardiogenic shock; and congestion in liver, kidneys, adrenals, spleen, gastrointestinal system, and brain.\[[@ref7]\] It also mimics ischemic heart disease, which leads to unsatisfied treatment with streptokinase. These catastrophic events follow cardiovascular collapse and sever hypotension.\[[@ref8]\] One of the main underlying mechanisms of MOF following ALP intoxication is tissue hypoxia due to methemoglobinemia and intravascular hemolysis.\[[@ref9][@ref10][@ref11]\]

Since there is no effective antidote drug for the treatment of PH~3~ or ALP intoxication, therapeutic interventions for these patients are based on the recovery of oxidative phosphorylation.\[[@ref12][@ref13][@ref14]\] Therefore, the administration of methylene blue and vitamin C (Vit C) may have beneficial effects and maydecrease the fatality rate of ALP intoxication.\[[@ref15][@ref16]\] Previously, it has been reported that N-acetylcysteine (NAC) usage may lead to improvement of hepatic complications following ALP intoxication.\[[@ref17][@ref18]\] Positive effects of magnesium sulfate are evident by 24% reduction of mortality rate.\[[@ref19]\]

ALP intoxication not always happens due to suicidal attempts, but it also occurs accidentally as an occupational intoxication following inhalation of toxic PH~3~ gas in ALP manufacturing factories.\[[@ref20][@ref21]\] Children may also have fatal accidental contacts with ALP.\[[@ref22]\] Unfortunately, there is still no advised " first option drug" in the treatment of ALP intoxication.\[[@ref1][@ref13][@ref23][@ref24]\]

In view of the facts that the intentional and accidental intoxication with ALP remains a clinical problem, especially in this part of the world, the dangerous complications of its toxicity and especially its high mortality rate besides lack of any advised first option drug for its treatment, this study was aimed to compare the therapeutic effects of NAC, ascorbic acid (Vit C), and methylene blue; both in isolate and also in combination, for the treatment of ALP intoxication in a rat model.

MATERIALS AND METHODS {#sec1-2}
=====================

This experimental animal study was performed in the Department of Physiology, School of Medicine at the Isfahan University of Medical Sciences, Isfahan, Iran (2012--2013). All the experiments performed in this study have been carried out according to the World Medical Association statement on animal use in biomedical research and the protocol of our study was approved by the institutional board of ethics for animal research.

Eighty male Wistar rats, with the average weight between 200 and 250 g and approximate age of 1 year, were divided randomly\[[@ref25]\] into eight groups with 10 rats in each cage. Each rat was intoxicated with ALP (Phostoxin, 3 mg tablet, ALP 56%, Alcan, Romania). ALP dissolved in normal saline was administered intragastrically by using gavages\' syringe and oral devices. In Groups 1--3, single dose of NAC, methylene blue, and Vit C were administered, respectively. Rats in groups 4--6, received single dose of NAC + Methylene blue, NAC and Vit C and methylene blue and Vit C, respectively. The dose of applied agents in this study was as follows: 12.5 mg/kg of ALP, 100 mg/kg of NAC, 1 mg/kg/5 min (0.1%) of methylene blue, and 500--1,000 mg/kg of Vit C. Rats in Group 7, received single dose of NAC + methylene blue + Vit C. In Group 8, no drug was administered (control group). Due to the absence of effective agent in treatment of ALP intoxication, positive control group was not needed. The route of administration of applied agents was by feeding tube for ALP and intraperitoneal for NAC, Vit C, and methylene blue. All agents were dissolved in saline. During and after intoxication, vital signs and behavioral changes of rats were fully controlled. In intoxicated rats, survival count was evaluated. Survival count in various groups was compared with the average death time of the control group. Rats were monitored regarding parameters of drug efficacy as increased survival time and reduced morbidity and mortality rate for 3 consecutive days to ensure toxin neutralization. All rats underwent autopsy after sacrifice under anesthesia. Indeed, magnesium level of samples taken from peritoneum was also measured after death. Macroscopic changes were recorded and biopsy sections were taken from brain, cerebellum, kidney, liver, and heart for microscopic evaluation regarding cellular hypoxia.

Statistical analysis was done using comparison of mentioned parameters in treated groups vs control group through Statistical Package for Social Sciences (SPSS) v 17.0 by Cox regression, hazard ratio, median ratio, and median difference. Survival time in various groups was demonstrated as mean (minutes) ± standard deviation (SD). *P* - values less than 0.05 were considered as statistically significant.

RESULTS {#sec1-3}
=======

Survival time was counted sine the gavage of ALP to the occurrence of death time using chronometer. In rats treated with NAC, mean survival time (MST) was 94 min. Minimum and maximum survival time was 22 and 223 min, respectively. In this group, all rats expired. In methylene blue-treated rats, one rat was survived after 3 days (survival count = 1). After 1 h passed from intoxication, reduced body movements and fatigue was seen in this survived rat, but gradually consciousness and body movements were increased. And finally, after 5 hrat became completely normal and survival time was considered 4,320 min. Minimum and maximum survival time was 265 and 4,320 min, respectively. In this group, one rat showed typical tonic-colonic seizure after 2 h which lasted for 20 s. After 1 min, loss of consciousness and fatigue happened. Second episode of similar seizure attack occurred after 40 min of passing in normal states. In postictal phase, apnea occurred for 30 s. This rat, survived for 265 min (survival rate = 1). This data is in favor of beneficial effects of methylene blue in the treatment of ALP intoxication. In Vit C-treated rats; the MST and minimum and maximum survival time were 108.7, 45, and 272 min, respectively. Signs of death in one of the rats in this group were severe respiratory distress with gasping, bradycardia and tachypnea in about 0.5 h before death. Another rat manifested severe respiratory distress 1 h after toxin gavage (respiratory rate \>135 per minute). This rat survived for 272 min. In this group, rats without tachypnea survived for 152 min, in which 3 min before death deep breathes with bradypnea occurred. Two rats experienced seizure in last minutes of life as stretched movements followed by tonic movements (survival time = 63 min). In rats treated with NAC + methylene blue, MST, and minimum and maximum survival time were 112.7, 60, and 235 min, respectively (survival count = 0). No behavioral changes were seen in these rats. In rats treated with NAC + Vit C; MST and minimum and maximum survival time were 764.6, 229, and 4,320 min, respectively (survival count = 1). Increased survival time in these rats implies to the beneficial effects of this drug combination in the treatment of ALP intoxication. In rats treated with methylene blue + Vit C; MST and minimum and maximum survival time were 84.1, 38, and 140 min, respectively (survival count = 0). No behavioral changes were seen in these rats. In rats treated with methylene blue + Vit C + NAC; MST and minimum and maximum survival time were 168.5, 79, and 334 min, respectively (survival count = 0). No behavioral changes were seen in these rats. In the control group; MST and minimum and maximum survival time were 168.5, 79, and 334 min, respectively (survival count = 0); and also no behavioral changes were seen in these rats. The average values of MST and minimum and maximum survival time in eight groups were 276.31, 22, and 4,320 min, respectively (survival count = 0). Analysis of mean, median, and quartile of survival time for each group is included in [Table 1](#T1){ref-type="table"}, in which the only statistically significant measure was log-rank test (*P* = 0.003).
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Statistical data for survival in studied rat groups
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Blood magnesium level in three subcategories of hypo- (\< 3.66), normal, and hyper-magnesemia (\> 5.73) were investigated using Cox regression analysis. Hazard ratio for hypo-vshypermagnesemia was 3.12. Despite the protective role of hypermagnesemia in ALP intoxication, it was statistically insignificant (*P* = 0.06).

Pathological study of the lung tissue of the samples first showed follicular bronchitis followed by hemorrhage in all samples. Mild brain edema was seen, which was more pronounced in rats treated with NAC. Liver changes was seen in two-third of rats, mostly as liver congestion. Almost all the rats showed myocardial congestion. Myocardial hemorrhage was seen in some of them. In kidneys, congestion and hemorrhage were seen. Myocytolysis, myocyte maculation, and tissue degeneration was seen in myocardial tissue of intoxicated rats. Brain tissue showed disorganization in various layers, disappearance of glial cells, neuronal degeneration, and appearance of nectoric pieces. Tubular degeneration was seen in kidneys of intoxicated rats.

Results of survival rate analysis in rats (Cox regression, hazard ratio, mean, and median survival ratio) have been presented in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}. Survival rate in Groups 2 and 5 were higher than other, but this difference was statistically insignificant which might be due to the low sample volume. Rats in other groups had lower survival rate compared with control group, in which rats in Groups 6 and 7 had lower survival rate. This difference was just significant in Group 6 (*P* = 0.03).
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Hazard ratio, median ratio, and median difference of survival of studied rat groups in comparison to the control group
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![Survival pattern of the studied groups of rats (Group 8 = control)](TI-22-40-g003){#F1}

DISCUSSION {#sec1-4}
==========

Acute intoxication with ALP in some part of Northern Iran occurs commonly, both intentional and accidental, due to its inexpensive price, high toxicity, and easy access. Unfortunately, most of the intoxicated cases die rapidly. Despite of its high mortality rate, there is still no known antidote for phosphine or ALP, but in literature there are some successful reported cases and suggestions.\[[@ref2][@ref13][@ref26][@ref27][@ref28]\]

For the treatment of ALP-intoxicated rat, we applied Vit C and NAC to scavenge free radicals and methylene blue as an antidote for methemoglobinemia. Our data demonstrates positive effects of combined NAC and Vit C for increasing the survival time and in one case we observed a complete survival. This data is consistent with Findings of Kariman *et al*., which emphasizes on the role of oxidative stress in pathophysiology of ALP intoxication.\[[@ref12]\] Indeed, considering the absence of enhanced survival in rats treated with Vit C, which is in parallel with the findings of Shadnia *et al*., it could be concluded that Vit C by itself is not effective.\[[@ref27]\] However, Moghaddamnia *et al*., have shown the partial efficacy of Vit C in delaying death time compared with nontreated cases.\[[@ref29]\]

There is a huge controversy regarding the efficacy of Vit C and methylene blue in the treatment of ALP intoxication. One of the underlying mechanisms of ALP intoxication is shown to be creation of reactive oxygen species and lipid peroxidation in biologic systems by the action of phosphine and organic phosphides. Hassanian-Moghaddam *et al*., has demonstrated the release of phosphine gas from hydrolysis of metallic phosphides, lipid proxidesand8-hydroxyguaninein DNA materials of 1c1c7 cells.\[[@ref30]\] Kariman *et al*., have demonstrated the significant increase in lipid peroxidation and decreased total antioxidant levels after ALP intoxication.\[[@ref12]\] Thus, antioxidants remained as the main therapy for the treatment of ALP intoxication at present time. In contrast to surveys which imply on the role of methemoglobinemia in ALP intoxication, we did not reach beneficial effects from administration of methylene blue. But we had observed one case of complete survival in rats treated with methyleneblue, which is consistent with Shadnia *et al*.,\'s observation.\[[@ref27]\] In contrast to Azad *et al*., based on the efficacy of NAC on increased survival time and decreased hepatic complications, we showed inefficacy of NAC on survival time of treated rats.\[[@ref17]\]

Blood level of magnesium was increased in rats intoxicated with ALP. Interestingly, this parameter was higher in rats treated with Vit C and NAC. Moghaddamnia *et al*., showed that hepatic congestion may present by high doses of ALP (40 mg/kg), while in lower dose (20 mg/kg) hepatic necrosis was considered mainly.\[[@ref29]\] Similarly, since we used high dose of ALP (50 mg/kg), hepatic congestion was seen mainly; and in minority centrilobular necrosis was seen. Pathologic changes in lung were follicular bronchiolitis, diffuse vascular damage with atelectasia, edema, and hemorrhage; while Moghaddamnia *et al*., showed congestion and neutrophilic infiltration.\[[@ref29]\] We observed hemorrhage and congestion in heart and kidney, in contrast with others which showed no change in these organs. Histological changes in vital organs which lead to death suggest tissue hypoxia.

Despite the higher survival rate of antioxidant-treated rats compared with control ones; this difference was not statistically significant. Interestingly, hypermagnesemia which occurs after ALP intoxication seems to be a protective mechanism for ALP intoxication.
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